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The interaction behavior of DNA with different types of hydroxylated cationic surfactants has been studied.
Attention was directed to how the introduction of hydroxyl substituents at the headgroup of the cationic
surfactants affects the compaction of DNA. The DNA-cationic surfactant interaction was investigated at
different charge ratios by several methods like UV melting, ethidium bromide exclusion, and gel electrophoresis.
Studies show that there is a discrete transition in the DNA chain from extended coils (free chain) to a compact
form and that this transition does not depend substantially on the architecture of the headgroup. However, the
accessibility of DNA to ethidium bromide is preserved to a significantly larger extent for the more hydrophilic
surfactants. This was discussed in terms of surfactant packing. Observations are interpreted to reflect that the
surfactants with more substituents have a larger headgroup and therefore form smaller micellar aggregates;
these higher curvature aggregates lead to a less efficient, “patch-like” coverage of DNA. The more hydrophilic
surfactants also presented a significantly lower cytotoxicity, which is important for biotechnological applications.
Introduction
A comprehensive knowledge of the interaction between DNA
and cationic lipid molecules and other cationic agents will aid
in the understanding of DNA packaging in the cell nucleus,
transfection in mammalian cells, and control of transcription.1-17
There has been considerable interest in characterizing the nature
of the fundamental interactions between cationic agents and
DNA, and several general approaches have been designed to
unravel such interactions.18-37 One of the important driving
forces in all of these systems is the long-range electrostatic
interaction between molecules of opposite charge. Among all
of the cationic agents, single tail lipid molecules, i.e., surfactants,
have been studied extensively. Most of the work in this regard
has focused on the fundamental interactions between DNA and
conventional cationic surfactants that are commercially available,
like long chain alkyl groups with trimethylammonium ion as
the headgroup, and it has mostly explored variations in the length
of the hydrophobic tail.18-22,24,38,39 A large number of studies
have been devoted to developing twin tailed cationic lipid (CL)
molecules that can be used as in vitro and in vivo gene
transfection agents. This research has looked mainly into the
transfection efficiency with respect to the complex composition,
size, structure, and preparation method (see reviews in refs
40 and 41). Of special interest is the study of the relation
between the structure of the lipid components and the trans-
fection efficiency. A number of different reports have been
presented concerning this aspect. It has been observed, for
example, that in vitro transfection efficiency drastically varies
on changing the headgroup chemistry of the cationic lipid
molecules,42 and that it often increases if the headgroup of the
carrier vector contains any hydrophilic moiety like a hydroxy-
ethyl group, glucose group, or oligomeric polyethylene glycol
(PEG) group.42,43 However, the physical basis of this kind of
enhancement of efficiency due to addition of a hydrophilic group
in the headgroup region of the carrier lipid molecules is not
clear.
One of the important aspects of gene therapy is suggested to
be the charge density of the liposomes used for the formation
of lamellar CL-DNA complexes, independently of the internal
structure of the lipids used.44,45 Another important factor for
the transfection efficiency is the structure of the formed
complexes, especially if the composition is not optimized. The
efficiency of the transfection is not only dependent on the
entrance of the complex into the cell but also the escape of the
complexes from the endosomal membrane. This is believed to
be attained by fusion with the CL-DNA complexes and release
of smaller complexes or naked DNA into the cytoplasm. For
lamellar complexes, this can be achieved for membrane charge
densities that are sufficiently high.44,45 Inverted hexagonal
structures are very efficient in releasing the DNA into the cell
since these structures are much more prone to fusion.45
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With this in mind, one can rationalize that the presence of
hydrophilic groups in the headgroups of the lipids can induce
changes in terms of lipid packing that can lead to substantial
differences in the self-assembly structures that are formed, when
compared with similar lipids without those groups. Also they
can, if sufficiently long, provide stability in serum and avoid
the aggregation of the CL-DNA complexes due to steric
repulsion. This can be achieved by, for example, adding PEG-
lipids to the liposome formulation.46,47
The information on how the architecture and hydrophilicity
of the lipid headgroups influence the interactions with DNA is
of fundamental interest and there is a need for rationalization
based on systematic studies. However, such biophysical studies
demand substantial amounts of the lipid molecules. Unfortu-
nately, synthesis of the twin chain lipid molecules in larger
quantities is not an easy task. Single chain cationic surfactants
with similar headgroup architecture should be able to serve this
purpose, as they are good mimics of the double chain cationic
lipid molecules that are used as gene carriers. Incidentally, the
synthesis of single chain surfactants with varying headgroup
chemistry is relatively easier than that of double tailed lipids.
With this rationale in mind, we sought to synthesize three
surfactants by sequential replacement of the -CH3 groups in
cetyltrimethylammonium bromide (CTAB) by hydroxyethyl
groups at the surfactant head (surfactants S1-S3 in Scheme
1). The present paper deals with the investigation of the
interaction potency of these surfactants having varied hydro-
philicity at the headgroup with DNA, at different mole ratios
of surfactant/DNA. The extent of the influence of the surfac-
tant’s headgroup chemistry on DNA-cationic surfactant inter-
actions was determined by melting transition temperatures,
fluorescence spectroscopy, and gel electrophoresis measurements
of surfactant/DNA complexes at different mole ratios.
Materials and Methods
Materials. Highly sonicated calf thymus DNA (CT-DNA)
from Bangalore Genie, India, was used as received. The size
of DNA is between 2 and 2.5 kbp as determined by gel
electrophoresis. For the gel electrophoresis experiments per-
formed with the DNA-surfactant complexes, and for better
clarity, a linearized form of plasmid DNA (2.6 kb) was used.
pUC19 plasmid was isolated from DH5-R cells and digested
with Hind III restriction endonuclease (BioLabs). Linearized
pUC19 was purified using the standard procedure of phenol
chloroform extraction. Unless specified, the DNA was dissolved
in 10 mM sodium phosphate buffer (pH 7.0). The concentration
of the DNA solutions was measured spectrophotometrically
considering the molar extinction coefficient of the DNA base
pairs to be equal to 6600 M-1 cm-1.48 The ratio of the
absorbance at 260 and 280 was found to be 1.8.
Analytical grade CTAB was obtained from Spectrochem
(India). The hydroxyethyl amines (N,N-dimethylethanolamine
for the synthesis of S1 and N-methyldiethanolamine for S2) were
obtained from Aldrich and 1-bromohexadecane from SRL, India
Ltd. Hexadecylamine and 2-bromoethanol for synthesizing S3
were obtained from SRL, India Ltd. and Lancaster, U.K.
respectively. Agarose was from Amersham Biosciences. Ethid-
ium bromide (EB) was purchased from Aldrich and used as
received. Milli-Q water was used for all the experiments.
Synthesis of Surfactants. N-Hexadecyl-N,N-dimethyl-N-(2-
hydroxyethyl)ammonium bromide (S1) and N-Hexadecyl-N-
methyl-N,N-bis(2-hydroxyethyl)ammonium bromide (S2). Both
the amphiphiles were prepared following the procedure men-
tioned in a recently published protocol.49 Briefly, 1-bromohexa-
decane and the corresponding amines (N-methyldiethanolamine
for S2 and N,N-dimethylethanolamine for S1) were taken in
the molar ratio 1.2:1 in 30% methanol/acetonitrile and refluxed.
After 24 h of refluxing, the solvent was evaporated in rotary
evaporator and pure products were obtained by crystallization
of the reaction mixture from methanol/ethyl acetate. The yields
were 87% and 80% respectively for S1 and S2. 1H NMR of S1
(300 MHz, CDCl3): ä/ppm ) 4.14 [br, 2H, (CH3)2(HOCH2-
CH2)N+(CH2-CH2-)]; 3.69 [br, 2H, (CH3)2(HOCH2-CH2)-
N+(CH2-CH2-)]; 3.48-3.45 [br, 2H, (CH3)2(HOCH2-CH2)-
N+(CH2-CH2-)]; 3.41 [s, 6H, (CH3)2(HOCH2-CH2)N+(CH2-
CH2-)]; 1.77 [br, 2H, (CH3)2(HOCH2-CH2)N+(CH2-CH2-)];
1.33-1.18 [br, m, 26H, -(CH2)13-]; 0.86 [t, 3H, -(CH2)nCH3].
E.A : calculated for C20H44BrNO: C, 60.89; H, 11.24; N, 3.55.
Found: C, 60.85; H, 11.16; N, 3.39. MS (LSIMS) m/z. calcd
(for C20H44NOthe 4° ammonium ion, 100%) 314, found 314
(M+). 1H NMR of S2 (300 MHz, CDCl3): ä/ppm ) 4.13 [br,
4H, (CH3)(HOCH2-CH2)2N+(CH2-CH2-)]; 3.71 [br, 4H, (CH3)-
(HOCH2-CH2)2N+(CH2-CH2-)]; 3.49 [br, 2H, (CH3)(HOCH2-
CH2)2N+(CH2-CH2-)]; 3.31 [s, 3H, (CH3)(HOCH2-CH2)2N+-
(CH2-CH2-)]; 1.75 [br, 2H, (CH3)(HOCH2-CH2)2N+(CH2-
CH2-)]; 1.36-1.18 [br, m, 26H, -(CH2)13-]; 0.88 [t, 3H,
-(CH2)nCH3]. E.A : calculated for C21H46BrNO2: C, 59.42; H,
10.92; N, 3.30. Found : C, 59.45; H, 10.86; N, 3.08. MS
(LSIMS) m/z. calcd (for C21H46NO2 the 4° ammonium ion,
100%) 344, found 344 (M+).
N-Hexadecyl-N,N,N-tris(2-hydroxyethyl)ammonium Chloride
(S3). An aqueous solution of NaOH (2.72 g, 0.068 mol, in
25 mL of doubly distilled water) was added dropwise to a
mixture of 2-chloroethanol (6.5 g, 0.081 mol) and hexadecy-
lamine (5 g, 0.027 mol) under refluxing condition. After 24 h
of refluxing, the reaction mixture was extracted with chloroform
(3  50 mL). Chloroform was removed on a rotary evaporator
followed by drying under vacuum. The residue was then
crystallized from methanol/ethyl acetate and filtered. The
resulting mixture showed three spots (with Rf ) 0.55, 0.4, and
0) on thin layer chromatography (TLC) using 25:75 (v/v)
methanol:chloroform as the TLC developing solvents. The dried
product (with Rf ) 0.55) was purified from the white solid
obtained from crystallization, by column chromatography in a
230-400 mesh silica gel column with 7% methanol/chloroform.
The yield was 40% (4.4 g). 1H NMR of S3 (300 MHz, CDCl3):
ä/ppm ) 4.05 [br, 6H, (OHCH2-CH2)3N+(CH2-CH2-)]; 3.48-
3.34 [br, 6H, (OHCH2-CH2)3N+(CH2-CH2-)]; 3.23-3.19 [br,
2H, (OHCH2-CH2)3N+(CH2-CH2-)]; 1.84 [br, 2H, (OHCH2-
CH2)3N+(CH2-CH2-)]; 1.34-1.19 [br, m, -(CH2)13-]; 0.88 [t,
3H, -(CH2)nCH3]. E.A: calculated for C22H48ClNO3: C, 64.44;
H, 11.80; N, 3.42. Found: C, 64.37; H, 12.10; N, 3.50. MS
(LSIMS) m/z. calcd (for C22H48NO3 the 4° ammonium ion,
100%) 374, found 330 [(M-CH2 CH2OH+H)+].
Surface Tension Method. The critical micelle concentration
(cmc) values of the surfactants were measured using a tensi-
ometer (Jencon, India) applying the Du Nou¨y ring method at
25 ( 0.1 °C in water. A 20 mM aqueous solution of the
surfactant was made in a 2 mL volumetric flask. The surface
tension of 20 mL of pure water in a glass vessel was noted.
The surface tension was then measured in varying concentrations
SCHEME 1
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of surfactant solution by adding desired volumes of the stock
solution, until there were no observable changes. The cmc values
were determined by plotting surface tension (ç) versus the
concentration of surfactant. Each experiment was performed
twice, and the results were within (2%.
Determination of Melting Curves of the DNA-Surfactant
Complexes. DNA was dissolved in buffer to a final concentra-
tion of 80 íM in phosphate. Different volumes of surfactant
solutions were separately added to a constant volume of DNA
solution to obtain surfactant/DNA complexes of different charge
ratios. After 2 h of incubation at room temperature, the melting
profiles of the complexes were obtained by monitoring the
absorbance of the complexes at 260 nm as a function of
temperature. The samples were heated from 40 to 90 °C at a
scanning rate of 1.0 °C/min. Transition temperatures (Tm) were
calculated from the melting curves in order to gain insight into
the helix-coil transition.
Ethidium Bromide Exclusion Assay. Ethidium bromide
(EB, 5 íM) and a 10 íM (one EB per base pair) DNA solution
were mixed and allowed to incubate at 25 °C for 10 min.
Various amounts of surfactant solutions were added to the
DNA-ethidium bromide mixture and then incubated for 30 min.
The fluorescence intensity was measured using a spectrofluo-
rometer (FluoroMax-3, Spex) after diluting to 2 mL with
10 mM phosphate buffer. The excitation (ìex) and emission (ìem)
wavelengths were 480 and 600 nm, respectively.
Gel Electrophoresis. The electrophoretic mobility of the
cationic surfactant/DNA complexes at different surfactant/DNA
ratios was determined by gel electrophoresis using 1.0% agarose
gel in TBE buffer (45 mM Tris-borate and 1 mM EDTA at pH
8.0). Experiments were run at 80 V for 90 min. About 40 íg/
mL (equivalent to 121 íM in terms of negative charge) of
linearized DNA was mixed with different amounts of surfactant
solutions to achieve the desired charge ratio; solutions were
incubated for 1 h prior to running the experiment. DNA was
visualized under UV illumination by staining the gels with
ethidium bromide at room temperature.
Cytotoxicity Measurements. HeLa cell line was obtained
from NCCS, Pune, India and grown in MEM media (Gibco-
BRL, New York) supplemented with 10% fetal calf serum
(Biological Industries, Israel), 2 mM L-glutamine (Sigma),
1 mM sodium pyruvate (Sigma), and antibiotic-antimycotic
solution (100)(Sigma) at 37 °C in a humidified incubator with
5% CO2. Cells were detached from the culture flask using
trypsin-EDTA (Sigma) when they became 70-80% confluent.
The Hela cells were seeded on a 96-well plate at a density of
approximately 25  103 cells/well. After 24 h of incubation,
cationic surfactants (0.1-25 íM) were added to the appropriate
wells and were incubated for 24 h. Subsequently, a methyl
thiazol tetrazolium (MTT) assay was performed. A total of
10 íL of 5 mg/mL MTT (Sigma) solution [MTT dissolved in
Hank’s balanced salt solution (HBSS)] was added to each well
and incubated for 4 h. Accumulated formazan crystals were
solubilized in DMSO (Sigma) and placed on a shaker for
15 min. The absorbance at 560 and 630 nm was recorded in an
ELISA plate reader (Spectra MAX 190, Molecular Devices).
Results and Discussion
This section is organized as follows. We will start by
discussing the effect of the surfactant headgroup chemistry on
the surfactant micelle formation and, afterward, on the formation
of DNA-cationic surfactant complexes in terms of compaction
and protection of DNA. Finally, cytotoxicity studies will be
presented and discussed.
Influence of the Headgroup on the Surfactant Critical
Micellar Concentration. We started by measuring the critical
micellar concentration (cmc) for CTAB and each of the
synthesized surfactants (Table 1). The cmc of CTAB was found
to be 0.92 mM, which is in good agreement with values
published previously in the literature.50 It can also be seen in
Table 1 that the cmc of the synthesized surfactants decreases
with the addition of the hydrophilic groups. It might have been
expected that the surfactants with more hydrophilic groups
would have higher cmc’s due to sterical repulsions between
surfactants in the micellar aggregate. The decrease in the cmc
must be associated with the decrease of the electrostatic
repulsions between the surfactant headgroups and suggests that
the introduction of the hydroxyethyl groups does shield the
positive charge in the surfactant headgroup. We can note that
insertion of alcohols into ionic surfactant micelles stabilizes the
micelles,51 and that it has been observed for anionic surfactants
that the introduction of an oxyethylene group between the alkyl
chain and the ionic group reduces the cmc.52
Influence of the Surfactant Headgroup on DNA-Surfac-
tant Complexation. UV-melting determinations were performed
on DNA solutions in the presence and absence of surfactants.
This method has been widely used for the characterization of
other cationic agents/DNA complexes.18,28,29,34 Melting is
conveniently monitored by an increase in the absorbance
(hyperchromic effect) resulting from the disruption of base
stacking in double-stranded DNA structure when the double-
helix undergoes denaturation. Figure 1 shows the representative
melting profiles of free DNA (trace 1) and CTAB/DNA
complexes at different charge ratios, 0.25, 0.5, 1.5, and 2.5
(traces 2-5, respectively). As expected, the free DNA solution
shows a monophasic melting behavior with a melting temper-
ature around 73 °C. Interestingly, when CTAB is added, we
observe the appearance of a second melting temperature, shifted
to higher temperatures. For sufficiently large concentrations of
surfactant, only the second transition is discernible. The biphasic
behavior is more obvious in Figure 2, where the melting data
is plotted as the derivative of the absorbance at 260 nm with
respect to the temperature, for the different surfactants, at
different DNA-cationic surfactant mixing ratios, R. The
decrease in the size of the main transition at 73 °C can be clearly
seen, whereas a second transition appears for temperatures
around 90 °C.
This biphasic melting transition has been observed already
in 1966 by Olins and co-authors53 and later by Inoue and Ando54
while studying the interaction between DNA and polypeptides.
The first melting transition had a melting temperature similar
to DNA alone and was ascribed to the helix f coil transition
of free DNA molecules (or portions of molecule), whereas the
second transition was attributed to the DNA melting inside the
complexes, shifted to higher temperatures due to the increase
in the stability of the double-helix state of the DNA molecules.
The same behavior has also been observed previously for the
DNA-CTAB system.28 In this work, it was suggested that
CTAB binds to both single- and double-stranded forms of DNA;
however, we believe that the biphasic melting induced by
cationic surfactants arises from the same phenomena as sug-
TABLE 1: Critical Micellar Concentration (cmc) Values for
CTAB and Hydroxylated Surfactants at 25 °C
compound cmc (M)
CTAB 9.2  10-4
S1 2.02  10-4
S2 1.53  10-4
S3 0.36  10-4
8504 J. Phys. Chem. B, Vol. 111, No. 29, 2007 Dasgupta et al.
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gested for the polypepetides, that is to the coexistence of DNA
molecules that are “naked” (or with insignificant amounts of
surfactant bound to them) and DNA molecules complexed with
surfactant micelles, where the double-helix is stabilized and
persists to higher temperatures. This is in excellent agreement
with previous studies by fluorescence microscopy2 and dynamic
light scattering19,26 experiments where the coexistence of DNA
molecules in an extended conformation (coils) and more
compacted structures (globules) was clearly observed.
In Figure 3, we compare the melting data for the different
surfactants. The open symbols correspond to samples showing
the first transition only, i.e., “naked” molecules, the filled
symbols show samples with the transition at higher temperatures,
where all the DNA molecules are complexed, and the gray
symbols represent samples with the two transitions. It can be
seen that the appearance of the complexed DNA molecules
occurs at around the same concentration for the four surfactants.
This indicates that the interaction between DNA and the different
cationic surfactants is not dependent on the architecture of the
headgroup, per se. This has also been confirmed by fluorescence
microscopy, where it was observed that the concentration of
surfactant required for compacting the first DNA molecules,
and for the formation of the last globules (end of the coexistence
region), was the same for all the studied surfactants (data not
shown, in collaboration with Luı´s Miguel Magno). Since the
compaction of DNA is driven by the formation of surfactant
self-assembly, there will be a stronger dependence on the
variation of the chain length20 than on the headgroup architec-
ture. The reason is not clear, however, for the delayed region
with complexes alone for the surfactants with more hydroxyethyl
groups.
Surfactant Packing Considerations. The binding of sur-
factants to DNA was investigated by fluorescence spectroscopy
studies during titrations of the surfactant into a premixed solution
of DNA and ethidium bromide (EB). EB is a cationic dye that
is widely used as a probe for native DNA. The ethidium ion
displays a dramatic increase in fluorescence efficiency when it
intercalates into DNA. The displacement of EB from DNA upon
complex formation with polycations has been used extensively
in the development of nonviral gene delivery systems to detect
the interaction of various lipids and polymers with DNA. The
addition of cationic agents to premixed DNA-EB solutions will
result in the displacement of intercalated EB from the DNA/
EB complexes resulting in quenching of fluorescence intensity.
Figure 4 shows the fluorescence emission spectra of free EB,
the DNA/EB complex, and the spectra after addition of
saturating amounts of the four surfactants. Traces 1 and 2 in
Figure 4 represent the spectra due to the free ethidium bromide
probe and DNA-bound probe, respectively, and traces 3-6
represent the fluorescence spectra obtained upon addition of
Figure 1. Representative UV melting transitions of CT-DNA at
80 íM (in phosphate groups) (trace 1) and of CTAB/CT-DNA
complexes at different charge ratios: 0.25, 0.5, 1.5, 2.5, and 5 (traces
2-5, respectively). Experiments performed with 10 mM sodium
phosphate buffer (pH 7.0).
Figure 2. Derivative of the absorbance at 260 nm in respect to the
temperature, ¢A/¢T, versus the temperature for (a) CTAB at the charge
ratio of 0 (+), 0.25 (4), 0.5 (O), 1.0 (0), 1.5 (3), and 3.0 (/); (b) S1
at the charge ratio of 0 (+), 0.4 (4), 0.8 (O), 1.2 (3) 2.0 (0), and 4.0
(/); (c) S2 at the charge ratio of 0 (+), 0.5 (4), 1.0(O), 1.5 (3) 2.5
(0), and 4.5 (+); and (d) S3 at the charge ratio of 0 (+), 0.25 (4) 0.6
(O), 1.2 (3), 2.2 (0) 3.0 (), and 5.0 (/).
Figure 3. Data from the previous figure presented as a conformational
map, as function of the charge ratio cationic surfactant-DNA phosphate
groups, Z(. The open symbols correspond to samples that present the
first transition (at 73 °C) only, that is, “naked” DNA molecules; filled
symbols represent samples where all the DNA is associated into DNA-
surfactant complexes, i.e., only the second transition (at 90 °C) is
observed; shaded symbols represent samples that show both transitions.
Figure 4. Fluorescence emission spectra of EB (trace 1), EB-(CT-
DNA) complex (trace 2), and EB-(CT-DNA) complexes in presence
of saturated amounts of CTAB (trace 3), S1 (trace 4), S2 (trace 5), S3
(trace 6), respectively. The concentration of CT-DNA was 10 íM in
phosphate charges in 10 mM sodium phosphate buffer (pH 7.0).
DNA-Cationic Surfactant Interactions J. Phys. Chem. B, Vol. 111, No. 29, 2007 8505
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maximum amounts of CTAB, S1, S2, and S3, respectively, into
the DNA/EB solution to achieve saturation in the observed
fluorescence quenching. Although the fluorescence quenching
phenomena were seen in all of the instances, the striking
differences lie in the spectrum obtained after achieving satura-
tion. CTAB is able to quench 72% of the initial intensity
whereas S1, S2, and S3 are able to quench only 68, 59, and
50%, respectively, of the initial intensity. Typical curves of
fluorimetric titrations of solutions of the DNA-EB complex with
surfactants of different headgroups are shown in Figure 5.
Similar results are confirmed by the gel electrophoresis experi-
ments. Images of agarose gel electrophoresis of a series of
surfactant/DNA complexes of different charge ratios are shown
in Figure 6. At low charge ratios of surfactant to DNA an excess
of uncomplexed DNA was present (a band toward the anode).
The migration of plasmid DNA in the gel was retarded as the
ratio of surfactant was increased above 1.0, 1.5, 1.5, and 2.5
for CTAB, S1, S2, and S3, respectively, demonstrating that all
of the surfactants were capable of binding DNA and neutralizing
the charges on the DNA backbone. However, there are subtle
differences between the gels for the different surfactants. CTAB
neutralizes all of the phosphate groups at a charge ratio of 1.0,
but in the presence of the other three surfactants, the DNA still
carries a negative net charge at this ratio, as indicated by their
migration to the anodic edge of the well.
The differences in the ethidium bromide displacement
presented by the different surfactants can be seen in terms of
strength of interaction as indicated by the critical association
concentration (cac) values at which the surfactant starts to bind
to DNA or to the structure that the surfactant will form in the
vicinity of the DNA molecules.
The geometric forms that are available to a surfactant
aggregate depend on the surfactant parameter, Ns. This can be
described by V/la0, where V and l stand for the volume and length
of the hydrocarbon chain, respectively, and a0 is the effective
area per headgroup.55 When Ns is close to unity the surfactants
will usually form planar bilayers. Decreasing Ns will lead to
the formation of surfactant aggregates with higher curvatures.
In the surfactant systems considered in this work, when the
substitution of the headgroup is performed, a0 can increase for
two reasons: (i) simple geometry, since the methyl groups are
being replaced for bulkier ones, and (ii) hydration, a more polar
headgroup will be more hydrated and therefore have a larger
effective size. It is, therefore, reasonable to expect an increase
in the curvature of the surfactant aggregates. It should be noted
that these arguments apply only for the case that the area is not
mainly determined by electrostatic repulsions, like in the self-
assembly of an ionic surfactant alone. On the other hand, the
argument applies when the electrostatic interactions have been
quenched like in the presence of high electrolyte concentrations
or, as in our case, by an oppositely charged polelectrolyte.
The observation that surfactants with more hydrophilic
headgroups compact DNA for the same concentrations as CTAB
but expel ethidium bromide only at higher concentrations, and
less efficiently, is understandable in terms of packing arguments.
Whereas CTAB is known for forming rod-like micelles in the
vicinity of DNA,56-58 it is highly probable that by increasing
the size of the headgroup the micelles formed in the DNA-
surfactant complexes are smaller and more globular, which leads
to a less efficient coverage, patch-like, of the DNA molecules,
leaving parts of DNA open for ethidium bromide binding. Also
the electrophoresis gel experiments give a good indication of a
less efficient coverage of the DNA by the cationic surfactants
with a larger number of hydroxyethyl groups. In case of S3,
for example, although there is no migration of free DNA at
ratios higher than 2.0, an intense fluorescence in the loading
wells can still be observed at a 2.5 charge ratio.
However, our data does not provide a definite conclusion of
which mode (weaker binding or less coverage) is the most
correct for these systems. Structural studies, such as binary phase
diagrams and aggregation number determinations, are currently
being performed to unambiguously solve this problem.
Cytotoxicity Studies. We have performed cytotoxicity
measurements to evaluate the cell viability in the presence of
increasing concentrations of the four surfactants considered. As
can be seen in Figure 7 the relative cell viability decreases with
the increase in the concentration of surfactants. This is not
surprising, what is interesting to note is that the cytotoxicity
decreases substantially when increasing the number of the
hydroxyl substitutions on the surfactant headgroup. With the
addition of 25 íM of CTAB for example, the relative cell
viability decreases to 30%; however, the S3 surfactant shows a
Figure 5. Ethidium bromide exclusion experiments for CTAB (0),
S1 (O), S2 (4), S3 (3), plotted as I/I0 versus the mixing ratio of cationic
surfactant to DNA phosphate groups, Z(. The CT-DNA concentration
was 10 íM in phosphate groups in 10 mM sodium phosphate buffer
(pH 7.0).
Figure 6. Lane 1: free DNA (40 íg/mL), lanes 2-4: DNA/CTAB
complexes of 0.5, 0.75, and 1.0 charge ratio (R) respectively. Lanes
5-8: DNA/S1 complexes with R ) 0.5, 1.0, 1.5, and 2.0 charge ratio,
respectively. Lanes 9-12: DNA/S2 complexes with R ) 0.5, 1.0, 1.5,
and 2.0 charge ratio, respectively. Lanes 13-17: DNA/S3 complexes
with R ) 0.5, 1.0, 1.5, 2.0, and 2.5, respectively. The experiments were
conducted using pUC19 DNA and TBE buffer (45 mM Tris-borate
and 1 mM EDTA at pH 8.0).
Figure 7. Effect of different surfactants on the viability of HeLa cells
CTAB (0), S1 (O), S2 (4), and S3 (3).
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much slower decay, reaching a plateau for around 70% of
relative cell viability.
This can be promising for gene delivery applications. It has
recently been shown that the precompaction of DNA with amino
acid-based cationic surfactants increases the transfection ef-
ficiency of commercially available liposome formulations.59 The
fact that the most hydrophilic surfactants used in this study
present little cytotoxicity make them candidates as potential
precompaction agents. It is believed that transfection is limited
by complex dissociation in the cytoplasm, or at least, by the
accessibility of DNA. For example, lipoplexes (DNA-liposome
complexes) made from liposomes with too high charge density
present a lower transfection efficiency even though the com-
plexes are successfully incorporated in the cells and escape from
the endosomal membranes.45 The S3 surfactant, for example,
could be potentially used as a precompacting agent in the
lipoplex preparation for gene delivery. Low concentrations are
required for compacting DNA, and it is not substantially toxic
to cells; also, it would presumably allow accessibility to the
DNA from the cell machinery, once released from the liposomal
complex.
Conclusion
Here we describe a biophysical study of the interaction
between DNA and surfactant molecules with varied architecture.
The architecture was altered by substituting the methyl group
of the CTAB headgroup sequentially with hydroxyethyl groups.
It was shown that the formation of DNA-surfactant complexes
is not dependent on the architecture of the surfactant headgroup.
However, the accessibility to DNA by ethidium bromide is
preserved to a certain extent, for the more hydrophilic surfac-
tants. This can be due to a weakening of the interaction or to
the structures that the surfactants form in the vicinity of the
DNA; surfactants with more hydroxyethyl groups have a larger
headgroup and can form smaller micellar aggregates with higher
curvatures that lead to a less efficient coverage of the surface
of DNA. However, our data does not give enough evidence for
one or the other hypothesis.
The fact that these surfactants present a lower cytotoxicity
makes them promising precompacting agents of DNA for gene
delivery applications.
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